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HIGH ELECTRON MOBILITY TRANSISTOR 
(HEMT) MADE OF LAYERS OF GROUP XIII 
ELEMENT NITRIDES AND MANUFACTURING 

METHOD THEREOF 

[0001] The invention relates to a neW High Electron 
Mobility Transistor (HEMT), made essentially of layers of 
Group XIII element(s) nitrides(s). The invention relates also 
to a method of manufacturing of High Electron Mobility 
Transistor (HEMT). 

[0002] First ?eld effect transistors (Metal Oxide Semicon 
ductor Field Effect Transistor, MOSFET) Were constructed 
in late 1970’s in Fujitsu laboratories (Mimura, Yokoyama, 
1977). They Were based on gallium arsenide. Due to higher 
sWitching speed, high linearity of signal and other favorable 
properties, MOSFETs Were soon applied in loW-noise 
ampli?ers, used mainly in telecommunications. Intensive 
research directed at systematical improvement of transistors 
of this type led to construction of High Electron Mobility 
Transistors (HEMT), in Which modem semiconductor mate 
rials, such as eg gallium nitride or aluminum nitride, are 
used. 

[0003] The HEMTs are still mainly used in ground and 
space communication systems, in particular in satellite tele 
communication and television, cellular netWorks, GPS sys 
tems, radiotelescopes and modem radars (phased array 
radars). 
[0004] Currently, LDMOS-type (Lateral Diffused Metal 
Oxide-Semiconductor) systems, based on silicon, are preva 
lent in the above-mentioned applications. For example, they 
constitute 90% of the transistors used in BTS’s (base trans 
ceiver stations) in cellular telephony. This is mainly due to 
economic reasons, as LDMOS systems are relatively inex 
pensive (cheaper both than nitride and gallium arsenide 
HEMTs, due to the advanced technology and mass manu 
facturing of those systems) and are characterized by a long 
mean time to failure (MTTF). Moreover, the position of 
LDMOS systems as a leader in this area is aided, on one 
hand, by “inertia” of their recipients (i.e. manufacturers of 
poWer ampli?ers) and, on the other hand, by the systematic 
improvement of the parameters of those systems, for 
example toWards achieving higher outputs, higher frequen 
cies, and ability to operate at higher temperaturesiappro 
priately to the needs of the developing communication 
technologies. 

[0005] HoWever, it is expected that in the near future a 
dynamic development of Wireless fast data transmission 
netWorks (3-rd generation cellular netWorks) is very likely, 
eg in the W-CDMA standard (Wideband Code-Division 
Multiple-Access), Which uses a signal With the frequency of 
approx. 2 GHz. Work is also underWay on the development 
of communication techniques in X-Band, i.e. 8-12 GHz. 
Such netWorks create a huge demand for modern transistors 
as Well as high-poWer and high-frequency ampli?ers Which 
must be characterized by a perfect linearity of the signal (i.e. 
produce an ampli?ed signal that is, for all practical purposes, 
free of any distortions), reliability, and stability of operating 
parameters in an extended period of time. Preferably, the 
equipment that is being used should be able to operate under 
the conditions of varying poWer output (in the W-CDMA 
netWorks the poWer output indeed varies depending on the 
traf?c density) and a high peak-to-mean mode. MeanWhile, 
LDMOS systems have proved most useful under stable 
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conditions and With limited poWer output thus do not meet 
the parameters required by the neW technology. Such 
requirements can be easier ful?lled by constructing devices 
that are able to operate under higher voltages, since in the 
case of present LDMOS structures an increase in voltage 
results in loWer ampli?cation and considerably faster deg 
radation of equipment, Whose operation becomes less stable 
after an extended period of time. In summary, the dominat 
ing position of LDMOS systems is currently more due to 
economic reasons than to their parameters and performance. 
Consequently, their position may be lost, if they do not 
satisfactory ful?ll technical demands of the currently-devel 
oped neW communication techniques. 

[0006] On the other hand, all those requirements are 
perfectly ful?lled by HEMT structures built of Group XIII 
element(s) nitride(s), particularly gallium nitride and alumi 
num nitride. Gallium nitride is characterized by the break 
doWn voltage higher by one order of magnitude than that of 
GaAs, as Well as higher thermal resistance. Therefore, 
nitride HEMT transistors can Work at higher voltages, Which 
considerably facilitates designing the discussed systems 
under development. Smaller dimensions of individual parts, 
particularly gates (as compared With the currently available 
devices) alloW to achieve higher sWitching rates, thus alloW 
ing to amplify the signals With higher frequencies and 
expand the available band Widths. Due to the high thermal 
resistance of nitrides, the HEMT transistors that are built of 
nitrides can Work at high temperatures, Which in turn alloWs 
to achieve poWer output density that is several times higher 
than that of the devices available on the market. Addition 
ally, nitride structures are characterized by a linearity of the 
signal, ability to achieve a high poWer output, and stability 
of operating parameters throughout an extended period of 
time. For example, extrapolation of the measurements of 
electric parameters of a nitric HEMT device made by 
Nitronex (obtained on a silicon substrate) suggests that those 
parameters Will change by less than 10% in 20 years 
(“Compound Semiconductor”, no. 6, 2004, page 31). 

[0007] The aforementioned advantages translate into 
direct bene?ts resulting from the application of nitride 
HEMT structures, particularly in modern communication 
techniques, including 3-rd generation cellular communica 
tion networks. In practical terms, the ability to Work at 
higher voltages and achieve higher poWer outputs and higher 
ampli?cation means less ampli?cation stages, and thus 
simpler, smaller, and lighter ampli?cation systems (less 
transistors in an ampli?er). On the other hand, the ability to 
Work in a Wide scope of frequencies alloWs to use a single 
nitride transistor for three communication bands (e.g. PCS, 
DCS, UMTS) instead of the several currently available 
LDMOS systems. Finally, the ability to operate HEMT 
structures at higher temperature and in the presence of 
stronger electric ?elds alloWs to signi?cantly reduce or even 
entirely eliminate the necessity to cool ampli?er systems. 
Consequently, it is expected that those systems Will become 
smaller and lighter, as Well as less expensive to manufacture 
and operate. In the case of cellular base transceiver stations 
it Will be possible to place the ampli?er and the antenna 
closer to each other, thus alloWing to reduce signal trans 
mission losses (Which currently reach approx. 50%), and 
enabling toWer-top mounting of ampli?ers (in direct prox 
imity of the antenna). Smaller and lighter ampli?er systems 
that do not require cooling Will prove very competitive in 
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satellite telecommunication. It is also possible to construct 
super loW-noise ampli?ers that could be used in radio 
telescopes or modern radars. 

[0008] The above discussed expected advantages of using 
nitride devices affect the level of intensity of the research 
aimed at developing an appropriate HEMT structure, as Well 
as its manufacturing method that could be applied in indus 
try and be economically competitive. Currently HEMT 
structures are produced on several types of substrates using 
epitaxial methods (eg. MOCVD, MBE). The basic problem 
consists in the lack of appropriate nonconductive homosub 
strates for obtaining such structures (e.g. substrates of bulk 
gallium nitride), since the suf?ciently big nitride monocrys 
tals that could be used to produce such substrates Were not 
thus far available. Therefore, it is necessary to use foreign 
substrates (heterosubstrates)4e.g. of sapphire, silicon, or 
SiCiWhere an appropriate nucleation layer is deposited 
directly onto the substrate, folloWed by (optionally) a buffer 
layer, and only then the proper nitride layers are deposited 
on that layer. HoWever, the use of a heterosubstrate is not an 
optimal solution, because irrespective of the type of hetero 
substrate and the employed technique of manufacturing 
HEMT devices, the crystalline lattice mismatch and different 
thermal expansion coe?icients of the substrate and of the 
nitride layers deposited on it become the source of tensions 
and defects in the obtained material, Which causes a dra 
matic deterioration of the structure, quality and performance 
of the manufactured devices. Moreover, sapphire substrates 
are not suitable for high poWer electronics (due to the 
relatively loW thermal conductivity of sapphire). In this 
respect, SiC substrates are better, although the technologies 
used to obtain such substrates are not su?iciently developed 
as yet, making those substrates expensive to produce. Fur 
ther problem is SiC doping, required to obtain a compen 
sated (semi-insulating) material. Recently there have been 
reports on Fujitsu constructing a HEMT transistor on a 
conductive SiC substrate, on Which a thin (10 um) AlN layer 
Was produced using the HVPE method (http://compound 
semiconductor.net/articles/neWs/8/ 12/21). Although this 
invention eliminates the necessity of using compensated 
SiC, it does not solve all the other problems caused by the 
usage of heterosubstrate. Moreover, in this case the knoWn 
problem of “parasitic conduction” occurs. The parasitic 
conduction is the result of generation of free carriers on the 
AlN/SiC interface (eg. S. C. Binari, D. S. KatZer, D. F. 
Storm, B. V. Shanabrook, E. R. Glaser, and J. A. Roussos, 
“Molecular Beam Epitaxial GroWth of AlGaN/GaN High 
Electron Mobility Transistors”, in 2003 US Naval Research 
Laboratory RevieW). Creating of an additional (“parasitic”) 
channel for current ?oW betWeen the source and the drain 
considerably deteriorates the parameters of the HEMT tran 
sistor. Other knoWn HEMT devices are produced on silicon 
substrates (Nitronex, Micro GaN) or compensated SiC sub 
strates (Rockwell Scienti?c Company, RF Micro Devices, 
Eudyna Devices/Fujitsu). Let us hoWever repeat, that in 
every such case, the mismatch betWeen the substrate and the 
epitaxial layers deteriorates the crystalline quality and elec 
trical parameters of a HEMT structure obtained by het 
eroepitaxy. 
[0009] Experiments shoW that a better structural quality of 
the AlGaN/GaN interface results in a favorable increase in 
the mobility of carriers Within the active area of the device. 
Moreover, it is knoWn that the quality and performance of 
HEMT transistors improve With the quality of epitaxial 
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layers (“Journal of Applied Physics”, vol. 87, no. 1, 2000, 
pages 334-344). Currently, the main aim of the research 
WorldWide is to minimiZe undesired effects resulting from 
substrate’s mismatch, i.e. to provide such a substrate, nucle 
ation layer or the HEMT structure Which “levels”ito a 
possibly largest extentithe disadvantageous in?uence of 
the substrate on the crystalline quality of heteroepitaxial 
layers. In particular, it is expected thatiin each of the above 
casesiit Would be possible to obtain considerably better 
HEMT structures With even better operating parameters, 
provided that those structures can be produced on homo 
substrates, but this possibility has not beeniup to 110W* 
seriously considered, due to a lack of an industrially appli 
cable method of manufacturing satisfactory compensated 
homosubstrates. 

[0010] Moreover, it should be noted that the available 
heterosubstrates limit the production of HEMT structures to 
those With AlGaN/GaN interface coinciding With the polar 
plane C of the nitride crystalline lattice. According to 
numerous publications, further desired improvement in the 
performance of nitride HEMT transistors could be achieved 
by producing them using homosubstrates With non-polar 
surface (e.g. surface coinciding With the non-polar plane A 
or M of the nitride crystalline lattice). Consequently, another 
aim of the research around the World is to provide substrates 
for epitaxial deposition of nitride layers, having the desired 
polarity and/or orientation With respect to the crystalline 
lattice of gallium nitride. In particular, such substrates can be 
produced from the gallium-containing nitride monocrystals 
of appropriate siZe. 

[0011] Currently used industrial technologies of obtaining 
nitride monocrystals are not satisfactory as they do not alloW 
to obtain crystals of appropriate siZe and quality, or their 
ef?ciency and industrial applicability is limited. 
[0012] Some available epitaxial methods, such as for 
example the MOCVD, HVPE or MBE methods, can be used 
to produce GaN substrates With the diameter of up to tWo 
inches, but they are seriously limited due to the lack of 
appropriate substrates (particularly nitride homosubstrates). 
Thus obtained material is characterized by surface disloca 
tion density of at least approx. l08/cm2 or approx. l07/cm2 
if the Epitaxial Lateral OvergroWth (ELOG) method is 
applied simultaneously. Such dislocation density is much 
too high for its possible application for producing HEMT 
transistors. Additionally, the achieved groWth rates make it 
impossible to obtain a true bulk crystal. 

[0013] The standard methods of crystallization from melt 
and the sublimation methods cannot be applied due to the 
decomposition of nitrides into metals and N2. 
[0014] In the HNP method such decomposition is inhib 
ited by using the atmosphere of high nitrogen pressure (it is 
necessary to apply temperatures of approx. 15000 C. and 
pressures of approx. 1500 MPa, Which constitutes a serious 
limitation considering the bigger scale and industrial appli 
cability of the process). In this Way, it is possible to obtain 
GaN Wafers With the dimensions of approx. 10 mm. So far, 
it has been impossible to achieve seeded groWth of gallium 
nitride using that method. The obtained crystals are the 
result of the uncontrolled process of spontaneous groWth, 
causing numerous defects in the obtained crystals, such as 
tWinning, edge and screW dislocations, etc. 
[0015] Promising results Were obtained from the applica 
tion of ?ux groWth methods to obtain gallium-containing 
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nitrides from gallium alloys in the atmosphere of nitrogen. 
These methods are attractive for industry because of the 
application of relatively loW temperatures and loW pres 
sures, although as of noW, the FLUX methods are yet to 
leave the laboratory stage of research. Similarly to the HNP 
method, the main problem is hoW to achieve a controlled 
seeded groWth. The ?rst seeding attempts in FLUX pro 
cesses Were presented only in the last feW months at several 
scienti?c conferences. 

[0016] Publications WO2004/053206 and WO2004/ 
053208 disclose the method of obtaining bulk monocrystal 
line gallium-containing nitride by crystallization from super 
critical ammonia-containing solution containing alkali metal 
ions. The characteristic feature of bulk nitride monocrystals 
obtained using the above-mentioned supercritical ammonia 
containing solution is their loW dislocation density (approxi 
mately l04/cm2), high electric resistivity (in the case of 
undoped bulk GaNiseveral Q-cm), as Well as high crys 
talline quality (half Width of the X-ray rocking curve 
(FWHM) from the (0002) plane beloW 60 arcsecifor the 
Cu K (x1 line). 

[0017] Recently a method Was developed to obtain gal 
lium-containing nitride monocrystals groWn on the seed, 
essentially Without propagating the crystalline defects occur 
ring on the seed. This method Was disclosed in the Polish 
patent applications nos. P-368483 (dated Jun. 11, 2004) and 
P-36878l (dated Jun. 25, 2004), Which have not been 
published yet. It involves groWing a crystal on the seed at 
least in the direction essentially perpendicular to the direc 
tion of the groWth of the seed. This method can be used to 
obtain large bulk monocrystals (3 cm and larger) With 
exceptionally favorable quality parameters (surface disloca 
tion density preferably approx. l02/cm2, cuvature radius of 
the crystalline lattice preferably approx. 70 m, and half 
Width of the X-ray rocking curve (FWHM) from the (0002) 
plane preferably beloW 40 arcsec (for the Cu K (x1 line). Due 
to the considerable sizes of the obtained crystals it is 
possibleias neededito use them to obtain substrates for 
epitaxy of the desired orientation and polarity (e. g. With the 
surface coinciding With the polar plane C, or With the surface 
coinciding With the non-polar plane A or M of the crystalline 
lattice of gallium-containing nitride). Thus, from the vieW 
point of crystalline structure, these are optimal substrates for 
manufacturing of nitride electronic devices. HoWever, there 
Was still the problem of obtaining an insulating substrate, 
becauseias mentioned aboveithe thus obtained gallium 
containing nitride has the electric resistivity of the order of 
several Q-cm, far too loW from the vieWpoint of manufac 
turing HEMT structures. Doping attempts, in Which the 
acceptor-type dopants, as eg zinc or magnesium, Were 
introduced into the environment of the process, encountered 
technological obstacles. The presence of said elements in the 
environment of the process according to the disclosure of 
WO2004/053206 and WO2004/053208 resulted in a dra 
matic drop of the groWth rate of nitride crystals, and 
consequently monocrystals of desired size could not be 
obtained Within a reasonable time. Unexpectedly, these 
obstacles have been overcome by optimizing the parameters 
of the crystallization process, such as pressure and the 
temperature distribution, as Well as appropriate preparation 
of feedstock. 

[0018] It Was noW unexpectedly discovered that the pro 
cess of controlled doping of the bulk monocrystals groWn as 
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described above at a certain level alloWs to obtain compen 
sated (semi-insulatingiWith resistivity of approximately 
l06§2~cm) material, Which gave the inventors an incentive to 
take up research aiming at using this material to produce 
homosubstrates for nitride HEMT transistors With optimal 
quality and electric conductivity (from vieWpoint of that 
particular application). 

[0019] Therefore, the objective of this invention is to 
provide HEMT transistors built of layers of gallium-con 
taining nitride deposited in nitride homosubstrate. Another 
objective of this invention is to provide a method of manu 
facturing of said HEMT transistors. 

[0020] According to the invention, the High Electron 
Mobility Transistor (HEMT), made essentially of layers of 
Group XIII element(s) nitride(s) (IUPAC, 1989), is formed 
on a substrate of gallium-containing nitride, made of a single 
crystal obtained by crystallization from supercritical ammo 
nia-containing solution. 

[0021] Preferably, the transistor according to the invention 
is produced on a substrate formed of a single crystal 
obtained by groWth on a seed, at least in the direction 
essentially perpendicular to the direction of the groWth of 
the seed. 

[0022] A semi-insulating (compensated) substrate is pref 
erably used to produce the transistor according to the 
invention. 

[0023] According to the invention, the transistor is pro 
duced on a polar substrate. 

[0024] Alternatively, the transistor according to the inven 
tion is produced on a non-polar substrate. 

[0025] Preferably, in the transistor according to the inven 
tion, the buffer layer is deposited directly on the substrate. 

[0026] The transistor according to the invention has mean 
output poWer in the W-CDMA band (ca. 2 GHz) preferably 
not loWer than 50 W, While the gain is preferably not loWer 
than 25 dB at 60V. 

[0027] According to the invention, at least the buffer layer 
is produced by epitaxial methods and the direction of groWth 
of said layer in the epitaxial process is essentially perpen 
dicular to the direction of groWth of the substrate. 

[0028] The invention covers also a method of manufac 
turing of said HEMT transistors, in Which at least the buffer 
layer is produced by epitaxial methods and the direction of 
groWth of said layer in the epitaxial process is essentially 
perpendicular to the direction of groWth of the substrate. 

[0029] The HEMT transistors produced on such substrates 
using epitaxial methods have exceptionally favorable per 
formance parameters (for example, mean output poWer in 
the W-CDMA band (ca. 2 GHz)i50 W, gain 25 dB at 60V). 
They can Work in a stable manner at a higher voltage as Well 
as higher poWer and signal frequencies than the aforemen 
tioned knoWn HEMT devices, and it is possible to achieve 
even a higher ampli?cation. The problem of parasitic con 
duction is absent in this case. 

[0030] As the problem of lattice constant mismatch and 
different thermal expansion coef?cients of the substrate and 
the layers deposited thereon is absent as Wellithe epitaxial 
layers, being parts of the HEMT structure according to the 
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invention, are of high quality. It turned out that even further 
improvement of parameters of the manufactured devices is 
possible, provided that the epitaxial layers are groWn in the 
direction essentially perpendicular to the direction of growth 
of the substrate. 

[0031] Of course, the use of a homosubstrate does not 
solve all possible technical problems, Which may occur in a 
HEMT structure. Some of the knoWn problems are not a 
direct consequence of the use of a heterosubstrate and they 
may appear also in the transistor according to the invention. 
Such problems should be solved in appropriate Way, knoWn 
to those skilled in the art and in particulariby appropriate 
modi?cation of the HEMT structure. Thus, the inventive 
transistor may be modi?ed in order to obtain further 
improvement of its parameters. High gate leakage current 
may be used as the example. It Was discovered (P. D. Ye et. 
al., Appl. Phys. Le”. 86 063501), that this current can be 
reduced by about six orders of magnitude by placing a thin 
dielectric layer (e.g. A1203 or HfO2) beloW the gate. Of 
course, similar modi?cation may be applied in the HEMT 
structure according to the invention. 

[0032] The present invention is illustrated by the accom 
panying draWings in Which: FIG. 1 shoWs a scheme of a 
knoWn HEMT structure, FIG. 2 shoWs a scheme of a HEMT 
structure according to the invention, FIG. 3 shoWs the 
change of temperature in time in a process described in 
Example 1 and FIG. 4 shoWs the change of temperature in 
time in a process described in Example 2. 

[0033] Any technical terms used throughout the speci? 
cation and the claims related to the present invention should 
be construed according to the de?nitions given beloW: 

[0034] Group XIII element-containing nitride means a 
nitride of Group XIII element(s) (IUPAC, 1989), ie alumi 
num, gallium and indium either alone or in any combination. 
Gallium-containing nitride is the most preferred such 
nitride. 

[0035] Gallium-containing nitride is a chemical com 
pound containing in its structure at least one atom of gallium 
and one atom of nitrogen. It includes, but is not restricted to, 
a binary compoundiGaN, a ternary compoundiAlGaN, 
InGaN or a quaternary compound AlInGaN, preferably 
containing a substantial portion of gallium, anyhoW at the 
level higher than dopant content. The composition of other 
elements With respect to gallium in this compound may be 
modi?ed in its structure insofar as it does not collide With the 
ammonobasic nature of the crystallization technique. 

[0036] A substrate of bulk mono-crystalline gallium-con 
taining nitride means a monocrystalline substrate of gallium 
containing nitride, on Which electronic devices such as 
HEMT may be obtained by MOCVD method or by the 
methods of epitaxy groWth such as HVPE, Wherein its 
thickness is preferably at least 200 um, more preferably at 
least 500 um. 

[0037] Homosubstrate means a substrate made of the same 
crystal as the layers deposited on this substrate. For 
example, When a substrate made of gallium nitride is used 
for epitaxial deposition of gallium nitride layers, then this 
substrate is called a homosubstrate. 

[0038] Heterosubstrate means a substrate made of a crystal 
different from the layers deposited on this substrate. For 
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example, When a substrate made of sapphire is used for 
epitaxial deposition of gallium nitride layers, then this 
substrate is called a heterosubstrate. 

[0039] Precursor of gallium-containing nitride is a sub 
stance or a mixture containing at least gallium and option 
ally containing elements of Group I (alkali metals), elements 
of Group II (alkali earth metals), elements of Group XIII 
(group numbers according to IUPAC 1989), nitrogen and/or 
hydrogen, and metallic gallium, its alloys or metallic com 
pounds, hydrides, amides, imides, amido-imides and aZides, 
Which may form gallium compounds soluble in the super 
critical ammonia-containing solvent as de?ned beloW. 

[0040] Gallium-containing feedstock is gallium-contain 
ing nitride or its precursor. As a feedstock, GaN obtained by 
various methods may be used, among others by ?ux meth 
ods, HNP method, HVPE method or poly-crystalline GaN 
obtained by reaction of metallic gallium With supercritical 
ammonia-containing solution. 

[0041] Supercritical ammonia-containing solvent is a 
supercritical solvent consisting at least of ammonia, Which 
contains one or more types of Group I elements (alkali 
metals), supporting dissolution of gallium-containing 
nitride. Supercritical ammonia-containing solvent may also 
contain derivatives of ammonia and/or mixtures thereof, in 
particularihydraZine. 

[0042] MineraliZer is a substance introducing into the 
supercritical ammonia-containing solvent one or more 
Group I element (alkali metal) ions, supporting dissolution 
of feedstock. 

[0043] Dissolution of gallium-containing feedstock means 
either reversible or irreversible process of forming4out of 
said feedstockigallium compounds soluble in the super 
critical solvent, for example gallium-complex compounds. 
Gallium complex compounds are complex chemical com 
pounds, in Which an atom of gallium is a coordination center 
surrounded by ligands, such as ammonia molecules (NH3) 
or their derivatives, like NH2_, NH2_, etc. 

[0044] Supercritical ammonia-containing solution means 
a solution obtained as the result of dissolution of gallium 
containing feedstock in the supercritical ammonia-contain 
ing solvent. 

[0045] Solubility 
[0046] Our experiments shoW that the state of equilibrium 
may be achieved betWeen the solid (gallium-containing 
nitride) and the supercritical solution at suf?ciently high 
temperature and pressure. Therefore, the solubility of gal 
lium-containing nitride may be de?ned as the equilibrium 
concentration of gallium-complex compounds obtained in 
the above mentioned process of dissolution of gallium 
containing nitride. In this process, the equilibrium concen 
tration, i.e. solubility, may be controlled by changing the 
composition of solvent, temperature and/or pressure. 

[0047] Temperature and Pressure Coe?icient of Solubility 
(TCS and PCS) 

[0048] Negative temperature coef?cient of solubility 
means that the solubility is a decreasing function of tem 
perature if all other parameters are kept constant. Similarly, 
positive pressure coef?cient of solubility means that, if all 
other parameters are kept constant, the solubility is an 
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increasing function of pressure. Our research allows to state 
that solubility of gallium-containing nitride in the supercriti 
cal ammonia-containing solvent, at least in the temperature 
range from 3000 C. to 550° C., and pressure from 100 MPa 
to 550 MPa, shoWs a negative temperature coef?cient (nega 
tive TCS) and a positive pressure coe?icient (positive PCS). 

[0049] Supersaturation 
[0050] If the concentration of soluble gallium compounds 
in the supercritical ammonia-containing solution is higher 
than the solubility of gallium-containing nitride in speci?c 
physico-chemical conditions, then the supersaturation of the 
supercritical ammonia-containing solution With respect to 
gallium-containing nitride in those conditions can be de?ned 
as the difference betWeen the actual concentration and the 
solubility. While dissolving gallium-containing nitride in a 
closed system it is possible to obtain the supersaturation 
state, for example by increasing temperature or decreasing 
pressure. 

[0051] Chemical transport of gallium-containing nitride in 
the supercritical solution means a continuous process 
involving dissolution of a gallium-containing feedstock in 
the supercritical solution, circulation of the gallium-complex 
compounds Within the solution and crystallization of gal 
lium-containing nitride from the supersaturated supercritical 
solution. Generally, chemical transport may be caused by 
temperature difference, pressure difference, concentration 
difference, or other chemical or physical differences 
betWeen the dissolved feedstock and the crystallization 
product. Bulk monocrystalline gallium-containing nitride 
may be obtained in effect of chemical transport betWeen the 
dissolution and crystallization zones of the autoclave, estab 
lished by means of temperature difference betWeen the tWo 
zones, Whereas the temperature in the crystallization zone 
should be higher than the temperature in the dissolution 
zone. 

[0052] Seed is crucial for obtaining a desired bulk gal 
lium-containing nitride monocrystals by crystallization from 
supercritical ammonia-containing solution. In vieW of the 
fact that the quality of the seed is crucial for the crystalline 
quality of the bulk gallium-containing nitride monocrystals, 
the seed selected for the process should have possibly high 
quality. Various structures or Wafers having a modi?ed 
surface can also be used. For example a structure having a 
number of surfaces spaced adequately far from each other, 
arranged on a primary substrate and susceptible to the lateral 
overgroWth of crystalline nitrides may be used as a seed 
(ELOG structures). Seeds can be produced using various 
methods, eg by groWth from gaseous phase, such as HVPE, 
MOCVD or MBE. 

[0053] HVPE (Halide Vapor Phase Epitaxy) method refers 
to a method of deposition of epitaxial layers from gaseous 
phase, in Which (in the case of nitrides) halides of metals and 
ammonia are used as substrates. 

[0054] MBE (Molecular Beam Epitaxy) method refers to 
a method of obtaining epitaxial layers of atomic thickness by 
depositing molecules from a so-called “molecular beam” on 
a substrate. 

[0055] MOCVD (Metallo-Organic Chemical Vapor Depo 
sition) method refers to a method of deposition of epitaxial 
layers from gaseous phase, in Which (in the case of gallium 
nitride) ammonia and metallo-organic compounds of gal 
lium are used as substrates. 
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[0056] Spontaneous crystallization from the supersatu 
rated supercritical ammonia-containing solution means any 
undesirable process of nucleation and groWth of the gallium 
containing nitride crystals taking place at any site Within the 
autoclave except on the surface of the seed. The de?nition 
also includes groWth on the surface of the seed, in Which the 
groWn crystal has an orientation different from that of the 
seed. 

[0057] Selective crystallization on a seed means a process 
of crystallization taking place on the surface of the seed, in 
the absence of spontaneous crystallization or With sponta 
neous crystallization occurring in a negligible degree. This 
process is indispensable for obtaining bulk monocrystals of 
gallium-containing nitride. 

[0058] Temperature and Pressure of the Reaction 

[0059] In the practical example presented in the present 
speci?cation temperature measurements inside the autoclave 
have been performed When the autoclave Was empty, i.e. 
Without the supercritical ammonia-containing solution. 
Thus, the temperature values cited in the examples are not 
the actual temperature values of the process carried out in 
the supercritical state. Pressure Was measured directly or 
calculated on the basis of physical and chemical data for 
ammonia-containing solvent at selected process temperature 
and the volume of the autoclave. 

[0060] Autoclave, regardless of its from, includes a closed 
reaction chamber, in Which the ammonobasic crystallization 
process is carried out. 

[0061] Crystallographic directions c, a or m refer to c, a or 
m directions of hexagonal lattice, having the folloWing 
Miller indices: ci[000l], a4[ll20], m4[lI00]. 
[0062] Crystallographic planes C, A or M refer to C-, A 
or M-plane surfaces of hexagonal lattice, having the folloW 
ing Miller indices: Ci(000l), Ai(ll20), Mi(l I 0 0). 
The surfaces are perpendicular to the corresponding crys 
tallographic directions (c, a and m). 

[0063] The direction of groWth of the seed is the direction 
of groWth of the crystal, out of Which the seed used in this 
method Was made. This direction is determined by the 
method used to produce the seed. At the same time, this is 
the main direction of propagation of dislocations in the seed. 
For example, GaN Wafers obtained by HVPE method can be 
used as seeds in the process of GaN groWth by crystalliza 
tion from supercritical ammonia-containing solution. In the 
HVPE method, the Wafers are groWn essentially in the c 
direction of the gallium nitride hexagonal lattice. Thus, in 
this case the c direction is the direction of the groWth of the 
seed. 

[0064] The direction of groWth of the substrate is the 
direction of groWth of this part of the crystal, out of Which 
the substrate Was made. At the same time, this is the main 
direction of propagation of dislocations in the substrate. It 
turns out that epitaxy process, in Which the epitaxial layers 
are groWn in the direction essentially perpendicular to the 
direction of groWth of the substrate, results in the layers of 
a very high quality, as the defects present in the substrate do 
not propagate in such layers. 

[0065] Group XII element-terminated side, Ga-terminated 
side, N-terminated side: In the crystals having the Wurtzite 
structure one can distinguish a crystalline direction (crys 
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talline axis) denoted as c, parallel to the C6 symmetry axis 
of the crystal. In the crystals of Group XIII element nitrides, 
having the Wurtzite structure, the crystalline planes perpen 
dicular to the c axis (C-planes) are not equivalent. In is a 
habit to call them Group XIII element-terminated side and 
nitrogen-terminated side or the surface having Group XIII 
element polarity or nitrogen polarity, respectively. In par 
ticular, in the case of monocrystalline gallium nitride one 
can distinguish gallium-terminated side (Ga-side) and nitro 
gen-terminated side (N -side). These sides have different 
chemical and physical properties (eg. susceptibility to etch 
ing or thermal durability). In the methods of epitaxy from 
the gaseous phase the layers are deposited on the Group XII 
element-terminated side. 

[0066] ELOG (Epitaxial Lateral OvergroWth) is a method 
of crystal groWth from gaseous phase or from supercritical 
ammonia-containing solution, in Which crystals are groWn 
on a special substrate. In the case of gallium nitride crystals, 
a matrix of parallel ridges (several microns high and several 
microns Wide), having surfaces susceptible to lateral groWth, 
is created on the surface of the substrate. Typically, gallium 
nitride crystals are groWn in the c direction. The ridges are 
then created along the m direction and the surfaces suscep 
tible to lateral groWth coincide With A-planes. In this case, 
lateral groWth is limited to several or several dozen microns 
and it is ?nished as soon as the space betWeen the ridges 
becomes overgroWn by the arising crystal. Next, the prin 
cipal groWth of bulk crystal proceeds along the c direction. 
This Way some of the dislocations present in the substrate 
can be prevented from penetrating into the arising crystal. 

[0067] Lateral groWth in this patent application refers to 
bulk groWth on a seed in the direction perpendicular to the 
original direction of the groWth of the seed. In contrast to 
ELOG (Epitaxial Lateral OvergroWth), the lateral groWth is 
de?nitely macroscopic (of the order of dimensions of the 
seed or even larger). Moreover, the projection of a laterally 
groWn crystal in the direction parallel to the original direc 
tion of seed groWth goes remarkably beyond the projection 
of the seed used. In the case of ELOG (Epitaxial Lateral 
OvergroWth), these tWo projections are essentially identical. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0068] FIG. 1 presents a schematic cross-section of a 
knoWn HEMT transistor produced on a heterosubstrate (1). 
The transistor further consists of the buffer layer made of 
gallium-containing nitride (3) and the layer of mixed gal 
lium-aluminum nitride (5), With the formula of AlXGa1_XN 
(0<x<l), usually doped into n-type. In order to reduce the 
mismatch of the crystalline lattice of the heterosubstrate 1 
and the buffer layer 3 the nucleation layer 2 is placed 
betWeen them, made eg of aluminum nitride. The presence 
of the nucleation layer 2 improves the crystalline quality of 
the nitride layers deposited above it, thus also improving the 
quality and parameters of the HEMT device. The HEMT 
transistor further contains electric contacts: sourcei7, 
gatei8 and draini9. Contacts 7, 8 and 9 can be produced 
directly on the layer 5 or optionally on a contact layer 6. On 
the interface of the layers 5 and 3 a piezoelectric charge is 
created Which accumulates near the interface in the buffer 
layer 3, forming a tWo-dimensional free electron gas 4 
(2DEG) With high mobility. It is Worth noting that the above 
effect is approximately ?ve times stronger for the AlGaN/ 

Mar. 20, 2008 

GaN system than for AlGaAs/GaAs. The charge carriers 
“generated” in the layer 5“drop out” into the buffer layer 3, 
Where they can freely move. BetWeen the source 7 and the 
drain 9 a “channel” is created in Which current ?oWs. 
Changing the voltage applied to the gate 8 (located along the 
channel) causes a change in the resistance of the source 

drain system (J. Klamka, “Heterozlatczowe przyrzady 
polprzeWodnikoWe na zakres mikrofal i fal milimetroW 
ych”, Agencja Lotnicza ALTAIR sp. Z 0. 0., 1st edition 
(2002), ISBN: 83-86217-48-0). It is knoWn (“Joumal of 
Applied Physics”, vol. 87, no. 1, 2000, pages 334-344) that 
the quality of the device improves With the quality of 
epitaxial layers, particularly the layers 3 and 5. In particular, 
it has been observed that the increase in thickness of the 
buffer layer 3 improves the interface of the layers 3 and 5, 
resulting in increased mobility of free carriers. This can be 
explained by the fact that as the thickness of the buffer layer 
3 increases, the unfavorable effect of mismatch betWeen the 
nitride layers of the HEMT structure and the heterosubstrate 
decreases. 

[0069] FIG. 2 presents a schematic cross-section of the 
HEMT structure according to the invention. The transistor is 
characterized in that is Was obtained on a homosubstrate 11 
(i.e. a substrate made of monocrystalline gallium-containing 
nitride), and thus it does not need to have a nucleation layer 
betWeen the substrate 11 and the buffer layer 3. The buffer 
layer 3 deposited directly on homosubstrate 11 is itself much 
thinner than in the knoWn nitride HEMT transistors obtained 
on heterosubstrates. The remaining elements of the HEMT 
transistor shoWn in FIG. 2 are the same as in the knoWn 
HEMT structure shoWn in FIG. 1, andifor simplicityi 
they are marked With the same numerals in FIG. 1 and FIG. 
2. Despite the thinner buffer layer 3 and the lack of a 
nucleation layer, the HEMT transistor according to the 
invention has an excellent structural quality, becauseias a 
result of using the homosubstrate 11ithere is no mismatch 
betWeen the substrate and the nitride layers of the HEMT 
structure. Therefore, it is possible to obtain exceptionally 
favorable parameters and performance of the HEMT device 
according to the invention. 

[0070] Substrates of monocrystalline gallium-containing 
nitride are obtained from bulk nitride monocrystals obtained 
by crystallization from supercritical ammonia-containing 
solution. This method Was disclosed in the publications 
WO2004/053206 and WO2004/053208, and its abbreviated 
description is included beloW. 

[0071] In this method, in the crystallization stage the 
system contains gallium-containing feedstock, preferably 
crystalline gallium nitride, Group I elements and/or their 
mixtures, and/or their compounds, particularly those con 
taining nitrogen and/or hydrogen, preferably azides, possi 
bly With the addition of Group II elements and/or their 
compounds constitute the mineralizer, and the mineralizer 
together With ammonia acts as the ammonia-containing 
solvent. Crystallization of the desired gallium-containing 
nitride is carried out from supercritical ammonia-containing 
solution on the surface of the seed at the crystallization 
temperature higher and/or crystallization pressure loWer 
than the temperature and pressure of dissolution of feed 
stock. TWo temperature zones are created and feedstock is 
placed in the dissolution zone While at least one seed is 
placed in the crystallization zone, and the dissolution zone 
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is located above the crystallization zone and transport of 
mass occurs between the dissolution zone and the crystal 
lization zone. 

[0072] The difference in temperature betWeen the disso 
lution zone and the crystallization zone is betWeen 1° C. and 
150° C., preferably betWeen 10° C. and 100° C., and in the 
crystallization zone the temperature is not loWer than 350° 
C., preferably not loWer than 400° C., and most preferably 
betWeen 500° C. and 550° C. 

[0073] GaN shoWs good solubility in the supercritical NH3 
provided that it contains alkali metals or their compounds, 
such as NaNH2 or KNH2. The experiments carried out by the 
authors of this invention shoW that solubility is an increasing 
function of pressure and a decreasing function of tempera 
ture. On the basis of the determined relationships it is 
possible to produce the desired gallium-containing nitride 
crystals by crystallization from supercritical ammonia-con 
taining solution. 

[0074] Feedstock is placed in the reactor’s upper zone. 
That zone is maintained under a different temperature than 
the reactor’s loWer zone, Where at least one monocrystalline 
seed is placed. 

[0075] In particular, the negative temperature coef?cient 
of solubility of GaN in the reaction environment means that 
as a result of producing a temperature gradient it is possible 
to enforce in the system the chemical transport of gallium 
nitride from the reactor’s upper zone With loW tempera 
tureibeing the dissolution zone of the crystalline gallium 
nitride acting as feedstock, to reactor’s loWer zone With 
higher temperatureibeing the crystallization zone. 

[0076] Crystallization of gallium-containing nitride from 
supercritical ammonia-containing solution can be carried 
out, for example, in the device disclosed in the publication 
WO2002/ 101120. It is possible to use autoclaves that differ 
in terms of construction details as a result of, among others, 
the scale of the device. 

[0077] This device is characterized in that it has an auto 
clave for producing a supercritical solvent, equipped With an 
internal installation for determining convection How. The 
autoclave is mounted inside a set of fumaces, equipped With 
heating devices and/or cooling devices. 

[0078] The set of fumaces has a high-temperature zone 
that coincides With the crystallization zone of the autoclave, 
equipped With heating devices and/or cooling devices as 
Well as a loW-temperature zone that coincides With the 
dissolution zone of the autoclave, equipped With heating 
devices and/or cooling devices. The internal installation has 
a horizontal ba?le (or horizontal ba?les) With central and/ or 
circumferential openings, Which separate the crystallization 
and dissolution zones. In the autoclave the feedstock is 
placed in the dissolution zone and at least one seed is placed 
in the crystallization zone, While the How of supercritical 
solution betWeen the dissolution and crystallization zones is 
determined by the internal installation. The dissolution zone 
is located above the horizontal ba?le or horizontal ba?les, 
While the crystallization zone is located beloW the horizontal 
baf?e or horizontal ba?les. 

[0079] Gallium-containing nitride monocrystal, obtained 
using any available method, in the form of a Wafer oriented 
perpendicularly With respect to the c axis of the monocrys 
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tals, having the surface dislocation density of no more than 
108/cm2, is used as the seed for producing the bulk monoc 
rystal. 
[0080] Usually When producing bulk gallium-containing 
nitride monocrystals, Wafers of gallium-containing nitride 
obtained using the HVPE method are used as the seeds. This 
is favorable because the method alloWs to obtain GaN 
monocrystals in the form of Wafers With relatively large 
surface. By using such seeds it is possible to obtain bulk 
gallium nitride monocrystals With a very loW dislocation 
density as Well as considerable thickness. Such material is 
perfect for substrates for expitaxial deposition of semi 
conductor layers. 

[0081] Moreover, it is preferable to use a gallium-contain 
ing nitride monocrystal in the form of a Wafer With at least 
one non-polar surface as the seed, and groWth in the direc 
tion perpendicular to the c axis of the monocrystals is carried 
out on the seed. 

[0082] The proper dimensions and shape of seeds for 
producing bulk monocrystalline gallium-containing nitride 
can be achieved by subjecting the seed to preliminary 
processing, consisting in alternate groWth in the direction 
parallel to the c axis and in the direction perpendicular to the 
c axis of the crystalline lattice of gallium-containing nitride. 
The alternate groWth of the crystal in the desired directions 
is achieved by, for example, applying alternate groWth from 
supercritical ammonia-containing solution in the direction 
parallel to the c axis and in the direction perpendicular to the 
c axis, by alternately exposing the groWth planes in the 
desired direction While simultaneously limiting the groWth 
in the perpendicular direction in the subsequent stages. 
Examples of the means of limiting the groWth of gallium 
containing nitride in the desired direction are disclosed in 
the publication WO2003/035945. 

[0083] In a typical example of crystallization from super 
critical ammonia-containing solution disclosed in publica 
tions WO2004/053206 and WO2004/053208, the groWth on 
the seed occurs essentially in the direction consistent With 
the direction of groWth of the seed. HoWever, in a preferable 
variant disclosed in the Polish patent application no. 
P-368781, the bulk gallium-containing nitride monocrystal 
is preferably produced by groWth in the direction perpen 
dicular to the direction of groWth of the seed. Moreover, 
according to the teaching of the patent application no. 
P-368781, it is possible to combine the groWth on the seed 
in the direction essentially parallel to the direction of groWth 
of the seed and in the direction perpendicular to it. Prefer 
ably, therefore, the bulk monocrystalline gallium-containing 
nitride is produced by controlled groWth of the monocrystal 
in the selected direction, including at least one groWth stage 
in the direction perpendicular to the c axis of the monoc 
rystal and at least one groWth stage in the direction parallel 
to the c axis of the monocrystal in supercritical ammonia 
containing solution, using the feedstock and the seed in each 
of those stages and possibly repeating the groWth stages in 
the direction perpendicular to the c axis and in the direction 
parallel to the c axis, until the desired dimensions of the 
monocrystal are achieved along at least one of its axes. 

[0084] The results of the tests of thus obtained monocrys 
tals con?rm that in such a case it is possible to obtain a very 
good crystalline quality of the monocrystalline gallium 
containing nitride. Thus obtained Wafers have a very large 
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curvature radius of the crystalline lattice, exceeding 15 m, 
preferably over 30 m, and most preferably over 70 m, While 
the curvature radius of the crystalline lattice of the monoc 
rystals grown in the same direction as the direction of 
growth of the seed (parallel to the c axis) is typically about 
2-15 m. At the same time, the half Width of the X-ray rocking 
curve (FWHM) of the monocrystals is preferably beloW 40 
arcsec. Moreover, the groWth on the seed in the direction 
perpendicular to the c axis alloWs to obtain bulk monocrys 
tals from Which, subsequently, it is possible to cut out Wafers 
of the desired orientation With respect to the nitride crystal 
line lattice and the desired polarity (eg with the surface 
coinciding With the polar C plane, or With the surface 
coinciding With the non-polarA or M plane of the crystalline 
lattice of gallium-containing nitride). Such Wafers can be 
then used to make polar or non-polar substrates for epitaxy. 

[0085] Gallium-containing nitride or its precursor is used 
as the feedstock. The application of crystalline gallium 
nitride as the feedstock in the GaN crystallization process is 
preferable due to the fact that it ensures the quantity of 
gallium required to carry out the process in the easily soluble 
form that can be gradually transformed into the solution. 

[0086] Alkali metals, their compounds4especially those 
containing nitrogen and hydrogen, and their mixtures can be 
used as the mineralizer. Alkali metals can be selected from 
among Li, Na, K, Rb and Cs, and their compounds can be 
selected from among hydrides, amides, imides, amido 
imides, nitrides and azides. 

[0087] The environment of supercritical ammonia-con 
taining solution With the addition of alkali metal ions, used 
for producing bulk gallium nitride monocrystals, can also 
contain ions of other metals and soluble forms of other 
elements intentionally introduced in order to modify the 
properties of the monocrystalline gallium nitride being pro 
duced. HoWever, this environment also contains random 
impurities introduced With initial materials and released to 
this environment from the elements of the equipment during 
the process. It is possible to limit the content of the random 
impurities by using reagents of a very high purity, or even 
additionally puri?ed for the purpose of the process. The 
impurities from the equipment are also controlled through 
the selection of construction materials, in accordance With 
the principles applied by those skilled in art. 

[0088] Example 1 beloW presents the process of controlled 
groWth of a gallium-containing nitride crystal by crystalli 
zation from supercritical ammonia-containing solution, 
illustrated by the graph presenting the relationship betWeen 
temperature and duration of the process presented in FIG. 3. 

[0089] According to FIG. 3, in the stage of crystallization 
from supercritical ammonia-containing solution, in the 
upper zoneibeing the dissolution zone of the autoclave, 
loWer temperature is maintained than the temperature in the 
crystallization zone, Which is essentially kept at a steady 
level throughout the entire stage of crystallization. 

[0090] Under such conditionsias a result of creating a 
difference in temperatures betWeen the zones and a tem 
perature gradientithe feedstock is dissolved in the disso 
lution zone, and, as a result of convection, a chemical 
transport is evoked betWeen the zones and, by achieving the 
state of supersaturation of supercritical ammonia-containing 
solution With respect to GaN in the crystallization zone, 
selective crystallization of GaN on the seed is carried out. 
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[0091] During the groWth from supercritical ammonia 
containing solution, the difference in temperature betWeen 
the zones can be signi?cantly changed and is preferably 
betWeen several and several dozen degrees centigrade. Addi 
tionally, the difference in temperature betWeen the zones can 
be changed during the process. Thus, it is possible to control 
the groWth rate and the quality of the bulk monocrystalline 
gallium nitride being produced. 

[0092] The bulk monocrystalline gallium-containing 
nitride obtained using the above-described method can be 
doped With donor- and/or acceptor- and/or magnetic-type 
dopants, at the concentration from l017/cm3 to l021/cm3 . 
The doping causes the obtained gallium-containing nitride to 
become n-type material, p-type material, or compensated 
(semi-insulating) material, the latter being a preferred homo 
substrate for nitride HEMT. 

[0093] The doping is carried out by introducing appropri 
ate dopants into the environment of monocrystal groWth. In 
the case of Group XIII element nitrides, particularly gallium 
nitride, examples of acceptor-type dopants include magne 
sium and zinc, donor-type dopantsisilicon, and magnetic 
type dopantsimanganese. The above-listed elements can 
be introduced into the process environment together With 
initial materials in pure (elemental) form or as compounds. 
Those can be practically any compounds of the above 
mentioned elements, provided that the presence of the 
compounds in the process environment does not signi? 
cantly disturb the functions or the ammonobasic nature of 
the supercritical ammonia-containing solution. 

[0094] Doping attempts, in Which the acceptor-type 
dopants, as e. g. zinc or magnesium, Were introduced into the 
environment of the process, encountered technological 
obstacles. The presence of said elements in the environment 
of the process according to the disclosure of WO2004/ 
053206 and WO2004/053208 resulted in a dramatic drop of 
the groWth rate of nitride crystals, and consequently monoc 
rystals of desired size could not be obtained. Unexpectedly, 
these obstacles have been overcome by optimizing the 
parameters of the crystallization process, such as pressure 
and the temperature distribution, as Well as preparation of 
feedstock in the form of alloy of gallium With zinc and/or 
magnesium With appropriate composition. Preferably the 
moral ratio of zinc or magnesium to gallium in said alloy 
Was equal to ca. 500 ppm. 

[0095] In particular, zinc or magnesium doping at approxi 
mately 500 ppm alloWs to obtain a compensated (semi 
insulating) gallium-containing nitride With resistivity of 
approximately l06§2~cm, optimal for producing substrates 
for nitride HEMT transistors. Examples 1 and 2 shoW the 
process of crystal groWth, doping and production of sub 
strates. 

[0096] Substrates are produced by cutting gallium-con 
taining nitride monocrystals (eg with a Wire saW) into 
Wafers With the desired dimensions and orientation With 
respect to the nitride crystalline lattice. By a typical pro 
cessing method, consisting ofiamong othersimechanical 
polishing and chemical mechanical planarization (CMP) of 
the Wafers, non-conductive substrates for epitaxy are 
obtained, on Which HEMT type structures are produced later 
on. 

[0097] According to the invention, the HEMT structure is 
produced on thus obtained substrate using epitaxial meth 
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ods, such as MOCVD, HVPE or MBE. Each of those 
methods is appropriate. The thus obtained structures are 
characterized by a very high crystalline quality of the layers 
and the problems caused by substrate mismatch, parasitic 
conduction etc. are absent. In particular, Examples 3-6 
present HEMT transistors according to the invention, manu 
factured by the MOCVD method. These transistors have 
exceptionally favorable performance parameters (for 
example, mean output poWer in the W-CDMA band (ca. 2 
GHz)i50 W, gain 25 dB at 60V). 

[0098] If the HEMT structure consists of layers made by 
epitaxial methods, the appropriate direction of groWth of 
these layers is important. Preferably, the substrate is cut out 
of the bulk single crystal in such a Way that the direction of 
groWth of the substrate (Which is the main direction of 
propagation of dislocations in the substrate) is parallel to the 
epitaxial surface of the substrate. In this case, the direction 
of groWth of epitaxial layers on the substrate is perpendicu 
lar to the direction of groWth of the substrate. As the result, 
the defects present in the substrate do not propagate into the 
epitaxial layers. Consequently, an important element of this 
invention is a method of manufacturing of HEMT transis 
tors, in Which at least the buffer layer 3 is produced by 
epitaxial methods and the direction of groWth of said layer 
in an epitaxial process is essentially perpendicular to the 
direction of groWth of the substrate 11. 

[0099] Along With the exceptionally favorable operating 
parameters and performance, HEMT transistors according to 
the invention are also very competitive economically. The 
manufacturing cost of such transistors has been cut doWn 
since the epitaxial methods (available and industrially 
applied on a mass scale) are used for its production, pro 
vided that appropriate homo-substrates are used. 

[0100] The present invention is further illustrated in the 
folloWing examples, serving only as an illustration. The 
examples are intended to illustrate the invention only and 
should not be construed as limiting in any Way the scope of 
the present invention, as de?ned by the claims. 

EXAMPLE 1 

Obtaining of Insulating Homosubstrate for HEMT 
from Compensated Monocrystalline Gallium 

Nitride 

[0101] In a high-pressure 600 cm3 autoclave, in the dis 
solution zone the feedstock in the form of 105 g (ca. 1.5 mol) 
of 6N metallic gallium Was placed With the addition of 0.05 
g of zinc or 0.02 g of magnesium. Next, 28 g (ca. 1220 
mmol) of 4N metallic sodium Was introduced into the 
autoclave. 

[0102] Nine Wafers of monocrystalline gallium nitride, 
obtained by HPVE method or by crystallization from super 
critical ammonia-containing solution, having a pair of sur 
faces oriented perpendicular to the c axis of the monocrystal, 
With the diameter of approx. 25 mm (1 inch) and thickness 
of ca. 500 pm each Were used as seeds. The seeds Were 
placed in the crystallization zone of the autoclave. 

[0103] Next, the autoclave Was ?lled With 240 g of ammo 
nia (5N), closed and placed in the set of fumaces. 

[0104] The dissolution zone Was heated (at approx. 0.5° 
C./min) to 450° C. During that time the crystallization zone 
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Was not heated. After the assumed temperature of 450° C. 
Was reached in the dissolution zone (i.e. after approx. 15 
hours since the beginning of the processiFIG. 3), the 
temperature in the crystallization zone reached approxi 
mately 170° C. Such distribution of temperature Was main 
tained in the autoclave for 4 days (FIG. 3). During that time 
partial transition of gallium to the solution and complete 
reaction of the remaining gallium to polycrystalline GaN 
took place. Next, the temperature in the crystallization zone 
Was raised (at approx. 0.1° C./min) to 550° C., and the 
temperature in the dissolution zone remained unchanged. 
The pressure inside the autoclave Was approx. 410 MPa. As 
a result of such distribution of temperature, convection 
betWeen the zones occurred in the autoclave, causing chemi 
cal transport of gallium nitride from the dissolution (upper) 
zone to the crystallization (loWer) zone, Where it Was depos 
ited on the seeds. The obtained distribution of temperature 
(i.e. 450° C. in the dissolution zone and 550° C. in the 
crystallization zone) Was subsequently maintained for the 
next 56 days (until the end of the processiFIG. 3). 

[0105] As a result of the process, partial dissolution of the 
feedstock (i.e. polycrystalline GaN) occurred in the disso 
lution zone and groWth of monocrystalline gallium nitride 
occurred on both sides of each of the seeds, in the form of 
monocrystalline layers With the total thickness of approxi 
mately 3.5 mm (on each seed, measured along the c axis of 
the monocrystal). The obtained gallium nitride monocrystals 
Were characterized by the half Width of the X-ray rocking 
curve (FWHM) from the (0002) plane equal to approx. 20 
arcsec (for the Cu K (x1 line) and the curvature radius of the 
crystalline lattice of 50 m. Microscopic examination of the 
C surface of those crystals (on the N-terminated side) 
shoWed that the surface dislocation density, as measured by 
the Etch Pit Density (EPD) method, Was 2><102/cm2. In 
terms of electric properties, the obtained material Was com 
pensated (semi-insulating), With the resistivity of approxi 
mately 10°Q-cm. 

[0106] Thus obtained crystals Were cut using a Wire saW 
into Wafers having the diameter of approx. 25 mm (1 inch) 
and thickness of approximately 300 pm each and having a 
pair of surfaces oriented perpendicularly to the c axis of the 
crystalline lattice (polar). In another preferable embodiment 
of the process of groWth of gallium-containing nitride 
monocrystal, the obtained crystal Was cut into Wafers having 
a pair of surfaces oriented perpendicularly to the a or m axis 
of the crystalline lattice (non-polar). The Wafers Were sub 
jected to typical processing consistingiamong others4of 
mechanical and chemical mechanical planarization (CMP) 
in order to obtain hexagonal 1-inch non-conductive sub 
strates for epitaxy, on Which subsequently HEMT-type struc 
tures Were obtained. 

EXAMPLE 2 

Obtaining of Insulating Homosubstrate for HEMT 
from Compensated Monocrystalline Gallium 

Nitride 

[0107] According to the disclosure of WO 02/101120, 
dissolution zone of a 1350 cm3 high-pressure autoclave Was 
charged With gallium-containing feedstock, seeds, mineral 
izer and ammonia. 

[0108] Large crystals, in the form of Wafers, having the 
shape close to isosceles triangles With the base ca. 85 mm 
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long and the angles at the base equal to 30°, Were used as 
seeds. The surface of the seed coincided With the C crys 
talline plane of the gallium nitride crystalline lattice. Such 
seeds Were obtained by merging smaller GaN crystals in the 
supercritical ammonia-containing solution, by the method 
disclosed in the Polish patent application no. P-37l405. The 
seeds Were placed in the crystallization zone of the autoclave 
in a Way enabling free groWth on the seeds. 

[0109] Metallic sodium Was used as the mineralizer. The 
feedstock Was placed in the dissolution zone, While the seeds 
Were mounted in the crystallization zone. The crystallization 
process on the seeds Was carried out under constant tem 
perature conditions of T2=550o C. in the crystallization zone 
and T1=450o C. in the dissolution zone. This temperature 
distribution inside the autoclave Was maintained for 76 days 
(FIG. 4). At such conditions the pressure Within the auto 
clave Was ca. 410 MPa. 

[0110] As the result of the process partial dissolution of 
the feedstock (i.e. polycrystalline GaN) took place in the 
dissolution zone. In the crystallization zone further groWth 
of monocrystalline gallium nitride on the seeds, in the 
direction parallel to the c crystalline axis, as Well as in the 
direction perpendicular to the c crystalline axis Was 
observed. The obtained crystals had the shape close to a 
rhombus. They Were about 6 mm thick. The longest diagonal 
of the rhombus Was about 85 mm long, While the Width of 
the rhombus (measured in the direction perpendicular to the 
longest diagonal) Was about 30 mm. TWo circular Wafer-like 
crystals, free of defects, Were cut out of each of the crystals. 
The half Width of the X-ray rocking curve (FWHM) from 
(0002) plane (for the Cu K (x1 line) of the thus-obtained 
l-inch crystals Was equal to 20 arcsec, While the radius of 
curvature of its crystalline lattice Was equal to 38 m. 
Microscopic investigations of the C-face of the crystals 
shoWed that the surface dislocation density (measured by 
Etch Pit DensityiEPD method) for this face Was about 
2><l02/cm2. As far as the electrical properties are concerned, 
they Were similar to those given in Example 1. 

[0111] The thus-obtained crystals Were sliced into Wafers 
having a pair of surfaces oriented perpendicularly to the c 
axis of the crystalline lattice (polar). The Wafers Were 
subjected to typical processing consistingiamong othersi 
of mechanical and chemical mechanical planarization 
(CMP) in order to obtain hexagonal l-inch non-conductive 
substrates for epitaxy. In this case, the direction of groWth of 
the thus obtained seeds Was essentially perpendicular to the 
c axis of the crystalline lattice. Subsequently HEMT-type 
structures Were obtained one the substrates. 

EXAMPLE 3 

HEMT Transistor According to the Invention 
Manufactured on the Homosubstrate Obtained in 

Example 1 

[0112] FIG. 2 presents a schematic cross-section of the 
HEMT transistor according to this invention. According to 
FIG. 2, on a substrate of gallium nitride 11, obtained in the 
process described in Example 1, the buffer layer 3 of 
undoped gallium nitride Was deposited using the MOCVD 
method, With the thickness of 0.5 pm, as Well as the layer 5 
of AlO_3GaO_7N, doped With Si at approx. 500 ppm and With 
the thickness of 10 nm. Next, electric contacts of NiiTii 
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Au Were produced: source 7, gate 8, and drain 9. Optionally, 
before making the contacts, a contact layer 6 Was formed on 
the layer 5. Thus obtained HEMT transistor Was character 
ized by exceptionally favorable operating parameters (for 
example, mean output poWer in the W-CDMA band (ca. 2 
GHz)i50 W, gain 25 dB at 60V). 

EXAMPLE 4 

HEMT Transistor According to the Invention 
Manufactured on the Homosubstrate Obtained in 

Example 1 

[0113] The same procedures Were folloWed as in Example 
3, With the only exception that the layer 5, having the 
thickness of approx. 10 nm, Was made of AlO_4GaO_7N, doped 
With Si at approx. 500 ppm. This enabled to obtain a higher 
average output poWeri55 W in the W-CDMA band (ca. 2 
GHz), While the other parameters of the device Were similar 
as in Example 3. 

EXAMPLE 5 

HEMT Transistor According to the Invention 
Manufactured on the Homosubstrate Obtained in 

Example 2 

[0114] The same procedures Were folloWed as in Example 
3, With the only exception that the substrate obtained in 
Example 2 Was used. As the result, the groWth of layers 3 
and 5 (having identical composition and parameters as in 
Example 3) by MOCVD method Was conducted in the 
direction essentially perpendicular to the direction of groWth 
of the substrate, Which is one of the elements of the present 
invention. Thus obtained HEMT device Was characterized 
by even more favorable operating parameters (for example, 
mean output poWer in the W-CDMA band (ca. 2 GHz)i60 
W, gain 35 dB at 60V). 

EXAMPLE 6 

HEMT Transistor According to the Invention 
Manufactured on the Homosubstrate Obtained in 

Example 1 

[0115] The same procedures Were folloWed as in Example 
3, With the only exception that a T-shaped gate Was formed, 
Which enabled to additionally reduce the gate-resistance 
noise. The obtained transistor Was characterized by operat 
ing parameters more favorable than that in Example 3: mean 
output poWer in the W-CDMA band (ca. 2 GHz)i52 W, 
gain 28 dB at 63V 

LIST OF REFERENCE NUMERALS 

[0116] liheterosubstrate (e.g. made of sapphire, silicon 
or SiC) 

[0117] 2inucleation layer 

[0118] 3ibulfer layer (GaN) 

[0119] 4*IWO dimensional electron gas (2DEG) on the 
interface of layers 3 and 5. 

[0120] SiAIXGaLXN (0<x<l) layer 
[0121] 64contact layer (optional) 

[0122] 7isource 
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[0123] Sigate 
[0124] 94drain 

[0125] llihomosubstrate (substrate made of GaN) 

1. High Electron Mobility Transistor (HEMT), compris 
ing layers of at least one Group XIII element nitride 
(IUPAC, 1989), Wherein said transistor includes a substrate 
of a gallium-containing nitride, said substrate being made of 
a single crystal obtained by crystallization from a supercriti 
cal ammonia-containing solution, said substrate having a 
surface dislocation density approximately 102/cm2, and 
Wherein a tWo-dimensional electron gas (2DEG) is present 
in a layer adjacent to said substrate. 

2. The transistor according to claim 1, Wherein said 
substrate is made of a single crystal obtained by groWth on 
a seed, at least in a direction essentially perpendicular to a 
direction of seed groWth. 

3. The transistor according to claim 1, Wherein said 
substrate is semi-insulating. 

4. The transistor according to claim 1, Wherein said 
substrate is polar. 

5. The transistor according to claim 1, Wherein said 
substrate is non-polar. 

6-7. (canceled) 
8. The transistor according to claim 1, Wherein at least the 

layer adjacent to said substrate is produced by epitaxial 
methods and a direction of groWth of said layer in the 
epitaxial process is essentially perpendicular to a direction 
of groWth of said substrate. 

9. (canceled) 
10. High Electron Mobility Transistor (HEMT), compris 

ing a ?rst layer comprising at least one Group XIII element 
nitride (IUPAC, 1989) and another layer comprising a 
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nitride different than said ?rst layer, Wherein said transistor 
includes a substrate of a single crystal of a gallium-contain 
ing nitride adjacent to said ?rst layer, said substrate having 
a surface dislocation density approximately 102/cm2, and 
Wherein a tWo-dimensional electron gas (2DEG) is present 
in said ?rst layer. 

11. High Electron Mobility Transistor (HEMT), compris 
ing a ?rst layer comprising at least one Group XIII element 
nitride (IUPAC, 1989) and another layer comprising a 
nitride different than said ?rst layer, Wherein said transistor 
includes a substrate of a single crystal of a gallium-contain 
ing nitride adjacent to said ?rst layer, the single crystal of the 
gallium-containing nitride being obtained by crystallization 
from a supercritical ammonia-containing solution, said sub 
strate having a surface dislocation density approximately 
102/cm2, and Wherein a tWo-dimensional electron gas 
(2DEG) is present in said ?rst layer. 

12. A method of making a High Electron Mobility Tran 
sistor (HEMT), comprising the steps of: 

forming a substrate of a single crystal of a gallium 
containing substrate by crystallization from a super 
critical ammonia-containing solution, the substrate 
having a surface dislocation density approximately 
102/cm2; 

forming a ?rst layer comprising at least one Group XIII 
element nitride (IUPAC, 1989) on the substrate, 

forming a second layer on the ?rst layer, the second layer 
comprising a nitride different than the ?rst layer, and 

Whereby a tWo-dimensional electron gas (2DEG) is 
present in the ?rst layer. 

* * * * * 


